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• Six severe droughts in Kentucky since
1930.
• Changes in hay and beef cattle yield,
prices, and revenues during severe
drought episodes.
• Hay production during severe drought
years declined up to 49%.
• Beef cattle sales declined up to 47% dur-
ing severe drought years.
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Drought affects societies world-wide in many different ways. It is a natural hazard that is complex and not well
understood and as a result, its impacts are often poorly documented. The purpose of this research is to quantify
(in dollars) the impacts of drought onKentucky's beef and forage (hay) production. Observations suggest that the
most important droughts in Kentucky occurred in 1930–31, 1940–42, 1952–55, 1987–88, 1999–2000 and 2007.
The total state revenue for these commoditieswere analyzed during these severe drought years and non-drought
years. The research estimated revenue deficit from these severe droughts in Kentucky for these (beef and hay)
agricultural commodities. This study is important to the general public as well as planners and policy makers.
Proper documentation of drought impacts should help identify drought vulnerabilities and result in better risk
management and mitigation.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Agriculture is an important sector in the global and national econo-
mies and is vulnerable to inter-annual climatic variability including
drought (Tol, 2002; Touchan et al., 2010). Recently, Hartmann et al.
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(2013) noted that, globally, drought frequency and intensity has in-
creased in some regions while decreased in others. A number of studies
have investigated and demonstrated important negative impacts of
drought on agriculture, including hay and cattle, in the U. S., Canada,
Australia, Mexico, France, Turkey, China, Botswana, Ethiopia, and
Czech Republic. (e. g., Chipansi et al., 2003; Endfield and Tejedo, 2006;
Evangelista et al., 2013; Foran and Stafford Smith, 1991; Gillard and
Monypenny, 1990; Hlavinka et al., 2009; Howitt et al., 2015; Ju et al.,
2013; Özdoğan, 2011; Rihawi et al., 2007; Trigo et al., 2010; USDA,
2013; van der Velde et al., 2012; Warrick, 1984; and Wheaton et al.,
2008). Wheaton et al. (2008) conducted a study focusing historic
drought of Canada in 2001 and 2002. They have found water shortages
due to drought negatively impacted livestock and hay production. Que-
bec reported a $55 million loss in soybean and hay production due to
drought. Ontario reported a total loss of $435 for corn, soybean, and
hay while Nova Scotia reported $44million loss in various crop produc-
tion including hay. This study reported 10% (600000) decline in cattle
numbers in Alberta. Overall there was $143.4 million loss in 2002
alone and half of this loss occurred in Alberta.
Hlavinka et al. (2009) investigated drought impacts on a number of
crops, including hay, in Czech Republic for 1960 through 2000. They
have reported significant decline of crop production during drought. A
79% correlation was estimated between drought and hay yield and av-
erage yield (3690 kg ha−1) departure was estimated as −900 kg
ha−1. Foran and Stafford Smith (1991) found that, compared to non-
drought years, cow death rate can increase up to 5–7 times during
drought in Australia. This research also reported weight gain by steers
could drop from 204 to 12 kg ha−1 and mortality could increase three
times, from 1.3 to 4.3%.
In this context, to address future challenges due to drought, the
National Integrated Drought Information System (NIDIS) was
developed in the United States (U.S.). NIDIS helps drought response
by improving monitoring, prediction, risk assessment, and commu-
nication. NIDIS is viewed as an accessible drought risk information
system that allows users to determine potential drought impacts
and provides decision support tools needed to prepare for and miti-
gate the impacts of drought (The National Integrated Drought
Information System Implementation Plan, 2007). This research ad-
dresses goals set by NIDIS and aims to document drought impacts
and helps in drought mitigation.
One of the goals of NIDIS Implementation Plan is to provide a plan
for educating those affected by drought, about drought occurrences
and associated impacts (NIDIS, 2007). Others include, establishing a
successful integrated national drought monitoring and forecasting sys-
tem; focusing on impact mitigation and predictive capabilities; creating
a drought early warning system that is accurately able to supply timely
and integrated information on drought conditions at a relevant spatial
scale to helpwith decisions thatwill minimize economic, social, and en-
vironmental loss; and to provide interactive delivery systems that are
standard and comprehensible. NIDIS Implementation Plan identified
that there is core gaps in our knowledge about economic impacts of
drought and highlighted the importance of and need for systematic ef-
forts of determining drought impacts (NIDIS, 2007; Schubert et al.,
2007). A subsequent update of NIDIS objectives called for providing a
framework for public awareness and education about droughts, im-
pacts, and preparedness (Climate Program Office, 2016).
We suggest that a passive approach to drought management will
only increase vulnerability and thus, proactive strategies to mitigate
drought impacts need to be developed in various regions of the world.
In this vein, as outlined by NIDIS, the U.S. Drought Monitor and the
U.S. Seasonal Drought Outlook are helpful tools in monitoring drought,
however, a comprehensive federal drought policy needs to be imple-
mented. An important component of policy development and imple-
mentation is the historical record of past droughts and the assessment
of impacts of droughts, which include economic assessments based on
agricultural yield and production.
The present paper contributes to this goal by studying historical
droughts in Kentucky and their economic impacts on forage (hay in
this case) and beef production. Although this study is set in Kentucky,
the approach and results could be useful for similar studies conducted
for other regions of the U.S. and the world. In addition, the current
study is a continuation of our previous research on this topic. In the
past, we assessed drought impacts on corn (Craft et al., 2013) and soy-
bean (Craft et al., 2015).
There is a lack of systematic data collection and analysis of drought
impacts within the United States. Data on drought-related relief pay-
ments, revenue losses due to water shortage, ecological impacts, im-
pacts of wildfires, reduced hydropower production, mental health
visits during drought periods, and agricultural yield losses, among
many others, need to be collected. Since a centralized collection of
these data does not exist, economic and social costs due to drought
are often underestimated. Moreover, effective drought research efforts
need to be made by the government, private entities, and universities
to accelerate the development of a centralized drought response plan.
Historical climate data, water supply and storage capabilities, drought
indices, and GISmodeling framework need to be utilized and expanded
to fill information gaps (Western Governors' Association, 2004). Also,
because of the geographic variability of drought, local impacts are
often overlooked compared to statewide averages (Hayes et al., 2002).
Proper quantification of impacts will improve understanding of eco-
nomic losses that can occur from drought at local and regional levels.
The research presented here helps to fill some of these gaps by
collecting agricultural data, documenting drought impacts, and deter-
mining financial costs due to droughts.
The purpose of this research, hence, is to assess the financial impacts
of droughts on Kentucky's beef and forage (hay) production. This in-
cluded an estimation of gross revenue losses to the beef cattle and for-
age sectors of Kentucky. This study did not attempt to develop an
econometric model. It rather provided a baseline estimates of revenue
losses from beef and hay production due to the droughts during the
late twentieth and early twenty-first centuries.
State of Kentucky relies on its agricultural revenues, and droughts
can cause severe revenue deficits. It is important to quantify the impacts
of drought onKentucky's agriculture so that planners and policymakers
can make effective decisions. Kentucky's hay production is valued at
over $680 million (USDA NASS, 2015) and ranks 5th in the nation
with a production of over 6316 million tons annually (USDA NASS,
2007). Kentucky has over 91,400 livestock farms, is ranked 14th in the
United States for all cattle inventory, and 8th in beef cattle inventory
(Kentucky Department of Agriculture, 2008). Drought has great poten-
tial to have adverse impacts on the revenues of these agricultural indus-
tries. Quantifying impacts of past droughts on Kentucky's agriculture
will help decrease drought vulnerability in the future.
2. Background
Since drought affects many different sectors, Wilhite and Glantz
(1985) identified four different types of droughts. These include mete-
orological, hydrological, agricultural, and socioeconomic droughts. Me-
teorological drought is defined by the degree of dryness (in comparison
to an average amount) and the length of the dry period. Hydrological
droughts are defined by the “effects of periods of precipitation shortfall
on surface or subsurfacewater supply” (Dracup et al., 1980, p. 299). Hy-
drological drought can reduce lake levels, groundwater, reservoirs, and
streamflow (Heim, 2002). Examples of hydrological drought can be
found inWen et al. (2011), Shaban (2009), and Jones and Lister (1998).
Agricultural drought combines meteorological and hydrological
drought characteristics to determine agricultural impacts. It focuses
on the lack of precipitation, evapotranspiration rates, and soil moisture
content, among others. High temperatures, low relative humidity, and
desiccating winds can also contribute to the impacts of an agricultural
drought (Heim, 2002). Assessment of agricultural drought is specific
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to characteristics of different plants, their demand for water, growth
and development stages. Crop development stages also need to be con-
sidered due to the fact that decreased subsoil moisture during the early
phases of development can have little impact on crop yield as topsoil
moisture is sufficient, but if the drought occurs at later development
stage then crop yield can be affected (Wilhite, 1993).
The last type is socioeconomic drought, which involves supply and
demand of goods or services affected by meteorological, hydrological,
and agricultural drought. This paper and previous research by Craft
et al. (2013, 2015) are examples of meteorological, agricultural, and so-
cioeconomic drought. As noted above, this research is focused on the
economic impacts on Kentucky's agriculture, specifically, on hay and
beef production. Agriculture is a leading economic sector in Kentucky
and, therefore, production and revenue deficits can have devastating re-
percussions. Furthermore, households are also impacted directly by
changes in food prices due to drought. This is why it is important to
identify drought vulnerabilities and reduce drought impacts.
A study conducted by the National Centers for Environmental Infor-
mation (NCEI; formerly the National Climatic Data Center), lists 57
weather related disasters that resulted in over $1 billion dollars of eco-
nomic losses in the United States between 1980 and 2003 (https://
www.ncdc.noaa.gov/billions/events) Ten of these 57 disasters are
drought related. It is important to note that these are rough estimates
that may not have been determined in a uniform manner. As a result,
Hayes et al. (2002) noted that the U.S. needs to develop a consistent
methodology for determining economic losses that is applicable across
all scales and sectors.
3. Study area, data and methods
Kentucky is bounded by the Appalachian Mountains in the east and
the Ohio and theMississippi river in the north and thewest, respective-
ly. The Highest point end Kentucky reaches slightly above 4000 ft and
lowest elevation is slightly above 250 ft along the Mississippi river.
Rainfed agriculture dominates Kentucky. Average annual total
precipitation ranges from 1016 to 1397 mm and monthly average tem-
perature ranges from about −1 to 27 °C.
As noted previously, the purpose of this research is to quantify (in
inflation-adjusted U.S. dollars) the economic impacts of drought on
Kentucky's beef cattle and forage (hay) industries so that policymakers
can develop plans to reduce drought vulnerabilities and avoid economic
hardship. This was achieved by collecting historical commodity data in-
cluding yield, production, price and revenue for these agricultural com-
modities and examining the data during notable drought years
compared to non-drought years on an inflation-adjusted basis. The
datawere analyzed for the entire state and for all four Kentucky climate
divisions, namely, Western, Central, Bluegrass, and Eastern (Fig. 1) dur-
ing several historical severe droughts in Kentucky. This study utilized
Palmer Drought Severity Index (PDSI) data, obtained from the National
Oceanic and Atmospheric Administration (NOAA) (NOAA, 2010), to
identify these severe droughts. The PDSI, arguably the most widely
used measure of agricultural drought assessment, is based on a scale
of−6.0 to 6.0where positive values indicate wet conditionswhile neg-
ative values indicate dry conditions (Palmer, 1965). Since several com-
ponents of the water balance are factored in this index, such as
precipitation, evapotranspiration, and soil moisture (Alley, 1984),
PDSI is a more robust agricultural drought measure than, for example,
precipitation anomalies, which are often used to denote meteorological
drought. We should note that there are no historical soil moisture data
available in Kentucky or in the U.S. and some of the longest regional soil
moisture data sets in the world are only about two decades old
(Mahmood et al., 2012).
PDSI is widely adopted for drought assessment by many govern-
mental agencies in the U.S. and around the world (Kogan, 1995; Hu
and Willson, 2000), such as the U.S. Department of Agriculture
(USDA) and NOAA (Svoboda et al., 2002). According to Diaz (1983), a
period of 3 or more consecutive months of PDSI ≤ −2.0 should be con-
sidered as a moderate drought and that of 6 or more consecutive
months as a major drought. In addition, as drought approaches its
end, PDSI becomes positive again. Diaz (1983) stated that this classifica-
tion should be suitable for determining droughts in the eastern U.S.
Fig. 1. Climate divisions of Kentucky.
Source: Craft et al. (2015).
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Hence, as in Craft et al. (2013, 2015), this criterion was used to identify
historical drought episodes in Kentucky, six of whichwere examined in
this study, including: 1930–1931, 1940–1942, 1952–1955, 1987–88,
1999–2001, and 2007 (Fig. 2).
In order to quantify the impacts on Kentucky's hay and beef cattle
sectors, commodity data were collected from the USDA's National Agri-
cultural Statistics Service (NASS) (http://www.nass.usda.gov/). From
this source, both state-wide and county-wide data were obtained
(Table 1). There are some limitations in these time series. As a result,
the state-wide influence of drought on hay yield and total hay produc-
tion were analyzed for 1929–2009. Whereas, sub-state level, e.g. by cli-
mate divisions, analysis of hay yield and total hay production is limited
only to the period 1974–2009. The state-wide average annual hay prices
have only been available since 1949. Hence the analysis of the state-
wide economic impacts of drought on Kentucky's hay production
were conducted for the period of 1949–2009. Even if we used the
state-wide average hay price as a proxy or estimate for county level
hay prices, we could study the impacts for sub-state level only for the
period of 1974–2009 because the hay production data at the county
level are only available for these years.
Likewise, compared to hay, the assessment of the impacts of
droughts on beef production is even more limited because annual beef
cattle prices have become available since 1980 (Table 2). Hence, the
analysis of the economic impacts of drought on state-wide and by
Table 1
Kentucky hay time series obtained from the USDA NASS.
Data series Level Units of measurement Availability (years)
Average hay yield State-wide Tons per acre 1929–2009
Average hay yield By county Tons per acre 1974–2009
Total hay production State-wide Tons 1929–2009
Total hay production By county Tons 1974–2009
Average hay price State-wide Current US $ per ton 1949–2009
Fig. 2. a–d. Annual PDSI for four climate divisions of KY.
Source: NOAA (2010).
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climate division beef production can only be completed for 1977–2009,
even thoughbeef cattle inventory are available state-wide for the period
1920–2009.
It is well-known that severity of drought can vary across regions
(Wilhite et al., 1987; Sonmez et al., 2005; Quiring, 2009). To account
for this variability, the county-level commodity data were aggregated
into Kentucky's four climate divisions to enable analysis at this level.
In addition, to make the price data comparable to the present, they
were all normalized to 2010 dollars using the Consumer Price Index
(CPI-U) from the U.S. Department of Labor, Bureau of Labor Statistics
(e. g., Craft et al., 2013, 2015). For each year, we calculated an annual
price index given in Eq. (1).
Price Index ¼ Current CPI‐U
2010 CPI‐U
ð1Þ
Each price index was then used to calculate the “real” or normalized
price in its respective year using Eq. (2).
Real Price ¼ Current Price
Price Index
ð2Þ
Lastly, wemultiplied the yearly production of each commodity with
its corresponding real price in the same year. Finally, these derived an-
nual gross revenues for each commodity are all measured in 2010 real
U.S. dollars.
In the end, we were able to examine each of the selected drought
years individually in order to quantify the yearly economic impacts of
drought. In addition, we also decided to compare annual revenues dur-
ing a drought year to its respective decadal average. For instance, the
state-wide revenue for hay during the drought year of 1952 was com-
pared to the average hay revenue of the decade of 1950–1959. This
Fig. 2 (continued).
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helped to determine if revenuewas lower during a notable drought year
compared to neighboring years.
4. Hay and beef cattle production, yield, and revenue
4.1. Hay
As expected, with a few exceptions, there is a general positive trend
in the hay yield and production. As shown in Fig. 3a–b, 1983 was the
lowest hay production year for all four climate divisions. During 1983
the Bluegrass division produced the most hay with a total of 995,523
metric tons. The Central division was second with 744,374 metric
tons, followed by the Western division with 378,128 metric tons, and
then the Eastern division with 247,792 metric tons.
Another year of exceptionally low hay production occurred in 2007.
During this year every climate division experienced lower than average
hay production. The year of 2007 was the 14th lowest hay production
year for the state from 1974 to 2008. The year of 1980 was also an ex-
ceptionally lowhay production year for Kentucky. It was thefifth lowest
hay production year for the Western and Central divisions, fourth low-
est for the Bluegrass division, and the second lowest for the Eastern di-
vision. The state production total for 1980 was 2,689,074 metric tons.
This was 1,401,323 metric tons (34.3%) less than average production
from 1974 to 2008. Similar to corn (Craft et al., 2013) and soybeans
(Craft et al., 2015), the price of hay has also decreased over time (Fig.
4a). It should be noted that hay price data are only available at the
state-level dating back to 1949.
In themid-1970s and 1980s hay prices were US $116 to US $160 per
metric ton. In recent years that price has decreased to US $80 to US $100
dollars per ton (Fig. 4a). Even though prices have decreased, Kentucky
still generated millions of dollars from hay. Kentucky hay prices were
at their lowest during 2004; averaging US $75 per metric ton, which
was approximately US $4.00 per metric ton less than 2003 and US
$8.72 per metric ton less than 2005. Production in 2004 was high for
all of Kentucky's climate divisions which possibly led to reduced prices.
The highest Kentucky hay price during the period 1974–2008 oc-
curred in 1983. During that year the average price of hay was US
$167.31 permetric ton. As discussed previously, 1983was an extremely
low hay production year and farmers were able to sell at high prices.
Other high price years were 1976, 1974, 1977, and 1984. Referring
back to Fig. 3a–b, production during these years were low compared
to recent years. It can be seen in the figures, that hay production in Ken-
tucky remained relatively unchanged until the late 1980swhen produc-
tion began to increase. Low production during these years allowed
farmers to increase their prices due to a shortage of hay.
As shown in Fig. 4b, hay revenue fluctuates from year to year and
among climate divisions. The year of 2007 was a low revenue year for
all Kentucky climate divisions. The average price of Kentucky hay in
2007 was US $100.46 per metric ton, making it the 10th highest year
for hay price during the 1974–2008 period.
The year of 2002was also a low revenue year for all of Kentucky's cli-
mate divisions. This year was in the bottom 10 revenue years for all of
the climate divisions and was the lowest hay revenue year for the Blue-
grass division. In 2002, the Bluegrass division only generated US
$131,944,738 from hay. The total revenue for the entire state was US
$349,888,803. This amount is US $103,738,244 less compared to 2003.
The year of 2002 ranked as the 14th highest production year from
1975 to 2008 but hay prices were among the lowest.
Hay data are available at the state-level from 1929 to 2009 (Fig. 5a).
As expected, hay yield and production have been increasing throughout
these years. Improved farming management have made it possible for
farmers to produce more hay than in the past (Hayes and Klotter,
2009). Hay production in Kentucky remained below 3,000,000 metric
tons until the early 1980s. Since then hay production began to increase
and, in 2009, over 5,700,000 metric tons of hay was produced in Ken-
tucky. Hay is an important source of livestock feed and a decrease in
hay production not only have repercussions on the hay industry but
on the livestock industry as well. Without enough feed, livestock body
compositions suffers and farmers may lose profits.
Since historical hay price data are only avaliable from 1949 to 2009,
revenue cannot be determined prior to these decades. During the 1950s
hay revenue averaged around US $379,806,883 (Fig. 5b). The average
hay revenue gradually increased during the 1960s and 1970s. During
the 1980s hay production and revenue began to increase rapidly. In
the mid-1980s the state's revenue increased to over US $460,000,000
and surpassed US $580,000,000 in 1989 and 1993. One of the lowest
revenue years in recent times occurred in 2007, which was a notable
drought year (Fig. 5b).
4.2. Beef cattle
In 2010, Kentucky produced over 2,300,000head of cattle; 1,070,000
of which were beef cattle (USDA NASS, 2010). Kentucky is the largest
beef cattle producing state east of the Mississippi River and ranks 5th
nationally in the total number of cattle farms (Kentucky Cattlemen's
Association, 2010). Like hay, drought can negatively affect beef cattle
production. Hot and dry conditions make it challenging for beef cattle
to thrive. The availability of feed and water are important to cattle sur-
vival and in times of drought, proper livestock ranch management is
crucial.
It was found that inter-annual fluctuations in beef production are
not as drastic (Fig. 6a) as those observed for hay, as well as those ob-
served by Craft et al. (2013, 2015) for corn and soybeans, respectively.
However, there are observed variations in beef cattle production from
year to year and between climate divisions. The year of 1986 was the
lowest production year for all climate divisions except the Bluegrass
(second lowest year). In fact, the years from 1986 to 1988 were
among the 10 lowest beef production years for all climate divisions.
These years were also low hay production years. It is likely that low
hay production partly contributed in shortage of feed for the beef cattle.
This was also a warm and dry period leading up to the significant
drought of 1988. The warm and dry conditions coupled with less hay
for feed were partly the cause for low beef cattle production.
Compared to other commodity price data, the length of time series
for beef cattle price is shorter. The avaliable data range from 1980 to
2007. The year with the lowest prices was 1996, with an average price
of US $41.67 per counterweight (CWT) (Fig. 6b). It was also the year
of highest beef cattle production. The Western division produced
206,500 heads of beef cattle in 1996. It is not surprising that 1996 had
the lowest prices during this time period.
Since the beef cattle price is measured in US $ per cwt, the weight of
each beef cattle produced would have to be known in order to deter-
mine revenue. This information is not avaliable through the USDA
NASS. However, state level beef cattle sales data are available (Fig. 7).
During the year of 2005, 481,000 Kentucky beef cattle were sold. For
the period of 1988–2008, this is the lowest number of beef cattle sold.
The average beef cattle prices were US $55.23 per cwt. If the weight of
each of the beef cattle that were sold was avaliable, the revenue could
be determined. However, we may be able to make some assumptions
about the relationship between beef cattle and drought from the avail-
able data. The lowest number of heads sold (555,000) during a severe
drought in 2001. This value is 214,000 head (27.8%) lower than the
Table 2
Kentucky Beef Cattle Data Series Obtained from the USDA NASS.
Data series Level Units of measurement Availability (years)
Beef cattle inventory State-wide Head 1920–2009
Beef cattle inventory By county Head 1977–2009
Beef cattle losses State-wide Head 1988–2009
Beef cattle sales State-wide Head 1988–2009
Beef cattle price State-wide US Current $ per cwt 1980–2009
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average. In fact, all of the other significant drought years, dating from
1988 to 2008, experienced lower than average total number of heads
sold. During the years of 1988, 2000, and 2001, production was lower
than normal. Lower production results in less beef cattle to sell, so it is
expected that saleswould be lower during these years. However, during
1999, beef cattle productionwasmoderate and during 2007, production
was high. Perhaps, sales were not good during these years even though
there was substantial production, because the decrease in hay produc-
tion resulted in poor body composition of the beef cattle.
5. Hay and beef cattle during severe droughts
5.1. Drought of 1930–1931
The drought of 1930–1931 was arguably the most extreme growing
season droughts of the last century for Kentucky, with 1930 ranked 5th
and 1931 1st based on April–September PDSI. The drought began to
appear in the Northeast and upper Midwestern United States in 1930.
During this time the Ohio Valley and the Southeast experienced wet
conditions. This wetness diminished quickly in February, and by the
time spring arrived in 1930, all of Kentucky's climate divisions were
experiencing dry conditions. Itwas awarmyearwithmean annual tem-
peratures for all of Kentucky's climate divisions ranged from 13.1 to
14.6 °C. It was also a dry year with annual precipitation totals ranging
from 671 to 837mm. TheWestern division had the highest annual pre-
cipitation total of 837 mm, while the lowest 671 mm was observed in
the Bluegrass division. Typically in Kentucky the warmer months re-
ceive the most precipitation, but during 1930 the precipitation was
lower during June–August than it was during the winter months. High
temperatures anddry conditionsmade this drought severe. The drought
started out as moderate in April and May, and turned to severe in the
Central division in June. During July, conditions worsened, three of the
climate divisions were in the extreme category while theWestern divi-
sion remained severe. From August 1930 to June 1931, the statewide
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Fig. 3. a–b. Hay yield and production by climate division.
Source: USDA NASS (2010).
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area average PDSI was the lowest in Kentucky's historical record for
each month.
Precipitation amounts did approach normal from February through
April 1931, but not enough to compensate for the dry spell or replenish
ground water. After a historically dry May–June period, above average
rainfall occurred during the second half of the year, which led to an
end of the drought by December 1931.
The warm and dry conditions of the 1930–1931 drought caused
hardships for many Kentucky farmers beyond beef and forage. For ex-
ample, during these years corn yield, production, and revenues were
among the lowest on record (Craft et al., 2013). County-level hay data
are not avaliable until the 1970s, but state-level data are avaliable dating
back to 1929. During this time period, 1930 was the second lowest hay
production (651,226 metric tons) year for the state. This was 649,049
metric tons (49.9%) lower than the decade average (Table 3). During
1931, production increased from the previous year by a total of
672,087 metric tons. This gives 1931 a production total of 1,323,313
metric tons,which is actually 23,037 tons (1.8%) higher than the decadal
average (Table 3). Hay price data are not avaliable until 1949, making it
difficult to determine hay revenue during this time period. The 1930
drought did not come early enough in Kentucky to severely impact
yields of wheat, oats, or barley. However, almost all crops growing late
in the season were affected. It was estimated that hay production was
down approximately 16% from 1929, and 10% from the average of the
previous 5 years. Many farmers had little hay to sell and they had to
strictly ration hay for livestock feeding. The low production and poor
quality brought a sharp decline in demand for many commodities,
which forced farmers to sell at low prices. Many farmers hoped that
the scarcity of hay would result in a shortage of feed for livestock,
which would reduce the supply of meat products and bring about a
rise in the price of beef cattle. However, this expectation was not real-
ized (USDA, 1931).
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Fig. 4. a–b. Hay price and revenue by climate division.
Source: USDA NASS (2010).
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5.2. Drought of 1940–1942
During the fall of 1939, drought spread from the Midwestern and
Northeastern United States into Kentucky. By December 1939, PDSI
values statewide were around−3.0. Some relief did come in the spring
of 1940, but the drought quickly reintensified in the summer and fall.
The drought reached its peak intensity in Kentucky in May of 1941, in
which annual PDSI values ranged from −4.48 in the Western division
to −3.60 in the Bluegrass division. In June of 1942, the drought finally
came to an end and normal precipitation amounts were received across
the state.
As mentioned previously, hay and beef cattle data are not available
at the county level via the NASS before the 1970s, however, state totals
are available for hay. During 1940 Kentucky produced 1,666,159 metric
tons of hay. This made 1940 the 12th lowest hay production year in
Kentucky from 1929 to 2009. This is 394,635 metric tons (19.1%) less
than the average for that decade (Table 3). Hay production improved
during 1941 to 1,790,418 metric tons. Though this is an improvement
from the previous year, this was still 270,376 metric tons (13.1%) less
than the decadal average. As the drought came to an endhay production
continued to increase. During 1942 hay productionwas the highest dur-
ing the three year drought period. During 1942 Kentucky farmers pro-
duced 2,191,312 metric tons of hay, which was 130,517 metric tons
(6.3%) higher than the average for the 1940s (Table 3).
5.3. Drought of 1952–1955
Thedrought of 1952–1955 had a long duration formany states in the
southern U.S. By June 1952 the drought had spread across all of Ken-
tuckywith PDSI values lowest in thewestern third of the state. Temper-
atures were high throughout June and July, and most stations in the
state reported temperatures higher than 37.7 °C (US Department of
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Commerce, 1952). Some relief did come to Kentucky in the spring of
1953, but did not last long. The drought worsened during the summer
of 1953 and peaked throughout 1954, which ranks second only to
1931 for the lowest PDSI values statewide. A historically wet February
and March in 1955 briefly ended the drought although below-average
rainfall throughout the growing season pushed PDSI values back
below zero for the rest of 1955 (Fig. 2a).
Hay production during 1952–1955 was very low for the state. Of
these years, 1952 experienced the lowest production total. During this
year the state only produced 1,634,414 metric tons of hay (79.6% of de-
cadal average). As a result, 1952 is ranked as the 10th lowest year for
Kentucky hay production for the period of 1929 to 2009. During 1952
the state generated US $406,168,223 in hay revenue and it was US
$26,361,340 (6.9%) higher than the decadal average (Table 4).
Compared to 1952, production increased by 127,887 metric tons in
1953. Kentucky farmers produced 1,762,301 metric tons of hay in
1953, which was 292,326 metric tons (14.2%) lower than the 1950s de-
cadal average. Revenue decreased from the previous year but still
remained above the decade average by US $23,530,947 (6.2%). Hay pro-
duction continued to increase for the remaining two years of the
drought while revenue began to decrease. During 1954 and 1955 Ken-
tucky produced 1,762,301 (85.8% of decadal average) and 2,258,430
metric tons of hay (110% of decadal average), respectively. Though
these totals were a large improvement from the previous two years,
the production total for 1954 was still 292,326 metric tons less than
the decadal average (Table 3). Prices decreased during this year due to
the increase in production and revenue fell US $5,547,019 (1.4%)
below the decadal average (Table 4). During 1955, the drought began
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to alleviate and Kentucky experienced above the decadal average pro-
duction. Since there was an abundance of hay available in 1955, prices
decreased and revenue dropped to US $25,391,463 (6.7%) below the de-
cadal average.
5.4. Drought of 1987–1988
The drought of 1987–1988 started along the west coast and extend-
ed into the northwestern United States. By the beginning of 1988, the
drought intensified over theGreat Plains and spread tomost of the east-
ern part of the U.S. In Kentucky, conditions were dry throughout much
of 1986 although heavy fall rainfall pushed PDSI values statewide to
just below zero by December 1986. Dry conditions in spring and sum-
mer of 1987 worsened the drought, as the year progressed. Drought
reached its peak during the summer of 1988 after a historically dry
May and ended in the fall of 1988. The 1980s drought is known as the
most costly in U.S. history, with much of the loss from agriculture. The
monetary losses associatedwith energy, ecosystems,water, and agricul-
turewere estimated to be approximately US $39 billion (Riebsame et al.,
1991).
Unlike earlier droughts, hay production during the 1987–1988
drought was above the average. During 1987, Kentucky farmers pro-
duced 3,932,299 metric tons of hay, which was 572,863 metric tons
(17.1%) above the 1980s decadal average. In 1988, the state produced
3,447,235 metric tons of hay, which was 485,063 metric tons lower
than 1987 but still 87,800 metric tons (2.6%) above the decade average
(Table 3). Since productionwas greater during 1987, prices were lower.
During 1987 the average price of Kentucky haywasUS $112.63 permet-
ric ton. As conditions worsened in 1988 and production decreased,
farmers were able to sell their hay at higher prices. In 1988 the average
price of hay increased to approximately US $143 per metric ton.
County level data for the production of beef cattle in Kentucky were
made available by the USDA NASS starting in 1977. The period of anal-
ysis covered by this research extended through the year 2009. The
1987–1988 drought years were the 2nd and 3rd lowest cattle produc-
tion years, respectively, for Kentucky for the 1977–2009 period. During
the drought year of 1987, Kentucky ranchers produced 995,200heads of
beef cattle, whichwas 110,597 head (10.0%) lower than the 1977–2009
average and 47,580 head (4.6%) less than the 1980s decadal average.
Production increased during 1988 to 1,015,200 head, which was
90,597 head (8.2%) lower than the 1977–2009 average and 27,580
head (2.6%) below the decadal average. Also during 1988, 43,000 beef
cattle died. The deaths of these beef cattle were likely due to heat ex-
haustion and shortage of feed due to decreased hay production. Al-
though the revenue from beef cattle could not be determined without
knowing their weights, it can be conclude that the drought had adverse
financial impacts on Kentucky's ranchers due to beef cattle mortalities.
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Table 3
Historical droughts and changes in hay yield, production, and price (ton−1) compared to
decadal averages in Kentucky during drought years. Data source: USDA NASS (2010).
Drought
year
Yield (ton ha−1) Production (metric
ton)
Price (US 2010 dollars)
1930 −0.88 −649,049 (−49.9%) N/A
1931 +0.10 +23,037 (+1.8%) N/A
1940 −0.21 −394,635 (−19.1%) N/A
1941 −0.08 −270,376 (−13.1%) N/A
1942 0.21 +130,517 (+6.3%) N/A
1952 −0.48 −420,213 (−20.5%) +$59.50
1953 −0.32 −292,326 (−14.3%) +$40.26
1954 −0.26 −292,326 (−14.3%) +$23.76
1955 +0.19 +203,802 (+9.9%) −$31.67
1987 +0.13 +572,863 (+17.1%) −22.13
1988 −0.72 +87,800 (+2.6%) +$8.24
1999 −0.52 −452,505 (−9.5%) +$1.22
2000 +0.50 +457,652 (−9.6%) +$6.59
2001 +0.05 −85,894 (−1.8%) −$7.71
2007 −1.52 −1,513,781 (−29.5%) +$13.16
Table 4
Droughts and hay Revenue in Kentucky. Data source: USDA NASS (2010).
Drought year Revenue (2010 US dollars)
1930 N/A
1931 N/A
1940 N/A
1941 N/A
1942 N/A
1952 +$26,361,340
1953 +$23,530,947
1954 −$5,547,019
1955 −$25,391,463
1988 +$49,010,953
1999 −$41,796,584
2000 +$79,156,797
2001 −$44,009,343
2007 −$82,199,846
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5.5. Drought of 1999–2001
Starting inmid-1997, the last few years of the 1990s were drier than
average in most months although PDSI values weremostly greater than
−2.0 threshold for moderate drought. This changed inmid-1999 after a
very dry summer and fall that pushed PDSI values well below −3.0
statewide. PDSI values bottomed out in the winter of 2000 at around
−4.0 but near-average rainfall during the spring and summer provided
some relief although PDSI values never returned to positive territory. Fi-
nally the drought began to dissipate and wetter conditions prevailed
during the fall andwinter of 2001.While this drought lasted for the bet-
ter part of three years, it never became as extreme as did the droughts of
the 1930s, 1940s, and 1950s.
The year of 1999 was the worst for hay yield and production during
the 1999–2001 drought. The average hay yield in 1999 was approxi-
mately 4.48 metric ton ha−1, and the total production was 4,295,289
metric tons. The average yield for this yearwas approximately 0.52met-
ric tons per hectare (13.2%) below the average, while production was
452,505 metric tons (9.5%) less than the 1990s decadal average
(Table 3). Prices during this year were moderately low with a value of
$105.97 per metric ton. During 1999 the state generated US
$455,171,772 from hay revenue. This value was US $41,796,584 (8.4%)
less than the average for 1990–1999 (Table 4).
Average yield and production did increase during 2000 due to near-
average precipitation during the growing season. The average yield dur-
ing this year was 5.68 metric tons per hectare and production totaled
5,584,254 metric tons (108.9% of decadal average). Higher yield and
production decreased prices to $93.89 per metric ton. Revenue also in-
creased with a total of US $524,305,597 from hay which was US
$79,156,797 (17.8%) above the decadal average. However, hay condi-
tions worsened during 2001 due to a drier than average spring. Average
hay yield was lowered to 5.31 metric ton ha−1, and production de-
creased to 5,040,707 metric tons (98.3% of decadal average). Prices
also dropped to US $79.58 per metric ton, making 2001 the lowest hay
price and low revenue year during the drought. During 2001 the state
generated US $401,139,457 from hay, a value that was $44,009,343
(9.9%) below the average for 2000–2009 (Table 4).
Beef cattle production was below average during each year of the
1999–2001 drought. During 1999 ranchers in Kentucky produced
1,102,900 heads of beef cattle, which was 27,700 head (2.5%) lower
than the 1990s average and 2897 head (0.3%) less than the 1977–
2009 average. As the drought intensified, conditions worsened for
beef cattle productivity during the year of 2000. Beef cattle production
dropped to 54,900 head from the previous year, making 2000 the 7th
lowest beef cattle production year for the 1977–2009 period in Ken-
tucky. Overall production during 2000 was 1,048,000 head, which was
57,812 head (5.2%) lower than the 1977–2009 average and 62,180
head (5.6%) lower than the 2000–2009 average. As the drought finally
came to an end in 2001, beef cattle production increased to 1,057,600
head. This was the 10th lowest production year for the period 1977–
2009 and was 48,197 head (4.4%) less than the 1977–2009 average
and 52,580 head (4.7%) lower than the 2000–2009 average.
The year with the most beef cattle deaths during the 1999–2001
drought occurred in 1999 when 43,000 beef cattle died. During the
years of 2000 and 2001, 38,000 and 36,000 beef cattle perished, respec-
tively. This gives the drought of 1999–2001 a combined total of 117,000
head of beef cattle loss, which is a substantial reduction in production.
During this drought, it is likely that farmers could not afford to feed
their entire inventory and were forced to sell off their herds at lower
prices before they died and no profit could be made.
5.6. Drought of 2007
This drought brought dry conditions over most of the Southeast,
Southwest, and upper Great Lakes for the most of the year. During the
summer, the drought covered the Mid-Atlantic States and several
short lived dry-episodes occurred in the Ohio Valley, the Northeast,
and the northern Plains (NOAA, 2007). Drought conditions worsened
across Kentucky during June 2007. Most locations across Kentucky ex-
perienced lower than normal precipitation totals with the largest defi-
cits occurring over the southeastern part of the state. The drought
peaked in August 2007 which was the fifth driest statewide and fea-
tured record-breaking heat. Hot and dry conditions continued until Oc-
tober 2007 (National Oceanic, 2007a, 2007b). By December 2007, the
Western and Central divisions were experiencing wet spells while the
Eastern division moved from an extreme to moderate drought
classification.
Hay yield was extremely low during the year of 2007 and observed
the lowest hay yield since 1964. Hay production was 3,612,870 metric
tons, which is 1,513,781metric tons (29.5%) lower than the decadal av-
erage (Table 3). Hay revenue during 2007 was among the lowest years
for all four climate divisions and was the lowest year for revenue in the
Western division. For the state total, 2007 was the 9th lowest revenue
year for the 1949–2009 period. During 2007, Kentucky farmers generat-
ed US $362,948,954 from hay whichwas US $82,199,846 (18.4%) below
the decadal average (Table 4).
Beef cattle production was high during 2007 and the state produced
1,205,700 heads of beef cattle, making it the 3rd highest production
year. Since production was high, beef cattle prices were lower than av-
erage. During 2007, the average price of a beef cattle was US $47.73 per
cwt. This price was US $1.90 per cwt less than the previous year and US
$17.55 per cwt less than the average price. The year of 2007was also the
6th highest year for beef cattle deaths in Kentucky. As discussed previ-
ously, hay production was extremely low during 2007 which may
have forced farmers to ration their feed for livestock. Also, during
2007 only 580,000 beef cattle were sold. This is the 5th lowest number
in Kentucky for the period of 1988–2008. It is likely that the demand for
beef cattle was low because there was not enough hay to feed them.
Buyers could not afford to increase number of their herd andwere prob-
ably discouraged by the diminished body compositions of the cattle.
6. Conclusions
Drought impact studies are vital if we are to more accurately under-
stand the relationship between drought and society. Kentucky's agricul-
ture generates billions of dollars annually, which can decrease by a large
margin during droughts. For this study Kentucky's hay and beef cattle
yield and production were examined over time in order to compare
their values during notable drought years relative to non-drought
years. This research contributes to the literature by documenting
drought impacts on agriculture and aiding in thequest formore efficient
drought impact management. Below we present key outcomes.
6.1. Drought impacts on hay
State level hay data range from 1929 to 2009. As expected, results
show that hay yield and production have increase throughout time. It
was also showed that the drought of 2007 was particularly difficult for
hay yield and production. In 2007, hay yield was 1.52 metric tons per
hectare lower than the decadal average and production was 1,513,781
metric tons (29.5%) lower. On the other hand, drought of 1930 lowered
hay production to around 50% of the decadal average. Both droughts
had substantially lower production relative to the decadal average be-
cause both could be considered “flash droughts”, which feature persis-
tently below average rainfall for the spring and summer months
followed by intense summer heat waves. Other Kentucky droughts
(e.g. 1999–2001) hadmuch lower production deficits relative to the de-
cadal average and in some cases had above average hay production in
the middle of a drought. These droughts had more variable monthly
precipitation during the growing season which allowed for short-term
hay growth. Another interesting finding was that for multi-year
droughts, hay production was often lowest during the first year of the
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drought even if drought conditions worsened in subsequent years. This
corresponds with the lagged decrease in beef production during a
multi-year drought which allows for more hectares to be transitioned
from grazing to hay production in the later years of the drought.
6.2. Drought impacts on beef cattle
County level data for Kentucky's beef cattle production, number of
head produced, were made available by the NASS starting in 1977. Al-
though data on the number of head produced and price per CWT are
available, data on the weight per head of cattle produced is not available.
Thus, estimation of the revenue losses due to drought for beef cattle could
not be made. Although revenue estimates were not possible, some con-
clusions about the impacts of drought on beef production can be made.
The 1987–1988 drought resulted in the 2nd and 3rd lowest cattle produc-
tion for Kentucky for the period of 1977–2009. Droughts of 1999–2001
also resulted in below average production, with 1999, 2000, and 2001
being the 17th, 7th, and 10th lowest beef cattle production years, respec-
tively, for the period 1977–2009. Although Kentucky had a relatively high
level of beef cattle produced, 44,000 head of beef cattle perished during
the drought of 2007. High levels of mortality were also observed during
the other severe drought years. These observations of lower production
and highermortality rates suggest that drought does have an adverse im-
pact on beef cattle production.
6.3. Drought management and near future priorities
In the context of these impacts, first step for drought management
requires that a community be proactive and have a well-designed
drought plan that can be activated during an emerging drought. This
plan should also include monitoring of environment, hence, drought
early warning system, as identified by NIDIS. We agree with Knutson
et al. (1998) and suggests that important steps of droughtmanagement
should include impacts assessment (we have completed in this paper),
ranking of impacts, vulnerability assessment, identifying actions for re-
ducing drought risks, and determining most effective action(s).
From this research, it can be concluded that Kentucky's agriculture is
vulnerable to drought and impact assessment is critical. Results of this
research show that during severe drought years, Kentucky hay and
beef cattle production and yields decrease by a large margin. These de-
creases cause negative impacts on Kentucky's economy.
Future research on the impacts of drought on other agricultural
commodities needs to be conducted. In addition, drought impacts on
water resources, public health, tourism, recreation, wildlife, timber,
and others sectors also needed to be examined and documented. With-
out completing impact assessments of droughts on all of these sectors,
drought risks cannot be reduced in the future. This research contributes
to the quest for more efficient drought impacts assessment and help
policymakers' implement plans that will reduce Kentucky's vulnerabil-
ity to future droughts.
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